In order to determine the future consequences of the increasing atmospheric C02 concentration on vegetation, experimental plants have been exposed to controlled C02 concentrations in open-top chambers (OTCs) and in open fields using the recently developed free-air C02 enrichment (FACE) approach. The environment inside open-top chambkrs approaches that of the field outside, but generally it is warmer, more humid, shaded, and has altered air movement. These plus other environmental differences have caused plants to grow differently than outside, as shown by a review of experiments that reported such chamber effects. The 95% confidence interval for ratios of biomass accumulation inside to outside ranged from 0.70 to 1.73. Moreover, there was a significant average bias for about 10% better growth inside. Thus, absolute growth can not be determined with a high degree of confidence using open-top chambers. Recent cotton (Gossypium hirsutum L.) and wheat (Triticum aestivum L.) experiments in which both OTCs and FACE were used showed that the relative growth responses to elevated C02 were not significantly different between OTCs and FACE, but the absolute growth of the cotton was 30% greater inside OTCs, while that of the wheat was about the same for both OTCs and FACE. Thus, for many studies the FACE approach is prefened because both absolute and relative responses to elevated C02 can be obtained reliably. Furthermore, the large plot size suppo& multidisciplinary teams with much destructive sampling, and there is an economy of scale. Yet, OTCs remain a workable alternative in some experiments that appear technically difficult or too expensive with FACE.
The increasing C02 concentration of the atmosphere has led to major research efforts to determine what effects it will have on the vegetation of the Earth in the future (e.g., Dahlman et al., 1985) . This research generally has involved exposing plants to elevated (or subambient) levels of C02 for various lengths of time and observing the responses of the plants. The techniques used for exposing plants to elevated C02 were reviewed by Drake et al. (1985) , Lawlor and Mitchell (1991) , and Allen et al. (1993) ; and recently the proceedings of a symposium on "Design and Execution of Experiments on C02 Enrichment" was edited by Schulze and Mooney (1993) . For some studies the objective is to determine what effect varying C02 will have at specified levels of other variables, such as temperature. For such studies, controlled-environment chambers appear most suitable. Often however, the objective is to determine the effects of C02 on plant growth under conditions representative of future fields. These latter studies will be the subject of this chapter.
Because the natural wind rapidly disperses any C02 released in an open field, researchers have frequently used a transparent wind barrier in the form of an open-top chamber (OTC) around their experimental plants in order to confine the C02 while transmitting most of the solar radiation. Such chambers prevent natural wind flow and also alter the environment from being the same as the surrounding field in several other ways.
Until recently, no one had controlled the C02 concentration in an open field with any degree of precision. In 1993, however, Hendrey (1993) and colleagues reported that they had successfully developed free-air C02 enrichment (FACE) technology for controlling C02 concentrations under field conditions. They presented results with an initial cotton crop. Since that first study, we have conducted two more FACE experiments on cotton (Dugas & Pinter, 1994) and one on wheat Kimball et al., 1993b) .
Two questions arise when considering results from OTCs and FACE systems: (i) do plants grow the same in OTCs as they do in an open field, and (ii) even if they do not grow the same in an absolute sense, do they at least respond relatively the same to elevated C02 compared with control plants. Answering these two questions, using data from the literature as well as from the recent FACE cotton and wheat experiments, is the primary goal of this chapter.
COMPARISON OF OPEN-TOP CHAMBER AND OPEN FIELD ENVIRONMENTS
The environment inside an OTC can differ from that of the field outside in several ways (Tables 5-1 and 5-2), as reviewed previously by, for example, Heagle et al. (1988) . As already mentioned, the transparent OTC walls are constructed in order to create a wind barrier and thereby make it easier to control the concentration of C02 (or other gas of interest) inside. Of course, an assumption is being made that the effects of air movement on plant growth are less important than those of C02 (or other gas) or at least that meaningful relative comparisons can be made between plants grown in treatment chambers and those from suitable control chambers; however, air movement itself can affect plant growth Heagle et al., 1979 Olszyk et al., 1980 Heagle & Letchworth, 1982 Weinstock et al., 1982 Kats et al., 1985 Olszyk et al., 1986b Unsworth, 1986 Drake et al., 1989 Sanders et al., 1991 ., 1992 Fuhrer, 1993 Long-wave radiation Unsworth, 1986 Air temperature Heagle et al., 1979 Olszyk et al., 1980 Weinstock et al., 1982 Olszyk et al., 1986b Drake et al., 1989 Sanders et al., 1991 Nie et al., 1992 Olszyk et al., 1992 Fuhrer, 1993 Foliage temperature Weinstock et al., 1982 Kimball et al., 1983 Kats et al., 1985 Olszyk et al., 1986b Drake et al., 1989 Olszy k et al., 1992 Ham, 1993 $ Air vapor pressure Weinstock et al., 1982 Olszyk et al., 1992 Transpiration Olszyk et al., 1980 Kimball et al., 1985 Dunin & Greenwood, 1986 Reduced to 0. 0.6-0.9OC warmer than outside 0.0-0.8"C warmer than outside 0.4-3.7OC warmer than outside 0.0-2.0°C warmer than outside 1.9-2.7"C warmer than outside OA°C warmer than outside 1.4-2.7OC warmer than outside 0.9OC warmer than outside 1.3-3.6"C warmer than outside -1.1 to +3.1°C warmer than outside O.l°C warmer than outside 2B°C warmer than outside 0.0 to l.O°C warmer than outside lS°C warmer than outside 2.1°C warmer than outside cooler than outside when have ample ventilation, low vapor pressure, and high outside foliage temperatures 0-14% higher absolute vapor pressure than outside 0% higher absolute vapor pressure than outside 0.86 of outside using black atmometers 0.89 of outside in well-watered plots using small pans 0.96 of outside in dry plots using small pans no difference between lysimeter inside and Bowen ratio outside 0.80 of outside for ~orghastrurn nutans using sap flow gauges 0.82 of outside similarly for Andromgon gerardi -- through changes in leaf gas exchange via changes in the boundary layer resistance and also by mechanical stresses (e.g., Salisbury, 1979) . In spite of the deliberate alteration of wind flow, there have been relatively few reports about the actual air movement changes in OTCs compared with outside (Table 5-1). Weinstock et al. (1982) reported inside air movement was 0.38 to 0.21 of that outside. Drake et al. (1989) stated that the most obvious effect of the OTC on wind speed was that windspeed was constant inside but variable outside. (They had added additional mixing blowers to their OTCs.) A more intensive study was done by Ham and Owensby (J.M. Ham & C.E. Owensby, 1993, personal communication) . Inside their OTCs, the air velocity was nearly constant at about 0.75 m S-l, while during the daytime, wind speeds outside were often twice as high. On the other hand, at night outside winds were often only one-half those inside. Furthermore, the turbulent intensity (variation in wind speed) inside was about 0.05, whereas outside it was about 0.20 both day and night. Solar radiation is typically 0.7 to 0.9 that outside (Table 5 -2), as observed by several researchers (Table 5-1). Depending on the wall material, the ultraviolet, visible, and near-infrared portions of the spectrum can be reduced in different amounts than the total solar radiation. The addition of a frustum to improve uniformity of gas distribution inside has the adverse effect of increasing shading. The spacial distribution of the radiation within an OTC is less uniform than outside also, with the walls on the sunward side shading the plants, while the walls opposite the sun reflect additional radiation back to plants nearby. The radiation that penetrates the OTC walls also is more diffuse than direct beam radiation.
The OTC walls also form a partial barrier between the crop and the cold sky. Because the walls are warmer than the sky, more downward long-wave radiation is emitted by the walls than the sky and then subsequently absorbed by the crop (Tables 5-1 and 5-2), the degree of the effect depending upon the optical properties of the chamber walls for long-wave radiation. Unsworth (1986) reports downward long-wave radiation increases from about 350 W m-2 outside to 500 W m-2 inside.
On the basis of the physical laws of energy transfer, if air is passed through a dry, nearly transparent chamber at a typical rate of four air changes per minute under full sun (1000 W m-2), then the air will be warmed by about 6°C from entrance to exit (Hendrey & Kimball, 1994) . In practice, however, the plants (and soil) inside an OTC generally are transpiring, thereby evaporatively cooling the air as it passes through the chamber. Air temperatures observed inside OTCs have typically been 0.5 to 2.5"C warmer than outside (Tables 5-1 and 5-2) .
Air temperature, however, is not the critical parameter. Rather it is the temperature of the vegetation itself that is most important. There have been fewer observations of the effects of OTCs on foliage temperature (Table 5 -I), but most often they have suggested that foliage temperatures are higher inside by about the same amount as air temperatures, i.e., about 0.5 to 2.5"C (Tables 5-1 and 5-2). However the degree of temperature rise of the foliage depends on transpiration rates, which strongly depend on air vapor pressures and several other variables (e.g., Unsworth, 1982; Idso et al., 1987) . With ample ventilation and low vapor pressures, foliage temperatures can even be cooler inside OTCs than outside, particularly at high (> 30°C) outside foliage temperatures (Ham, 1993, personal communication; Table 5-1) .
Also at night, with greater air flow inside than outside, and with the chamber walls sheltering the crop from the cold sky so long-wave radiation is increased (Table 5 -2), one would expect foliage temperatures to be higher then. And higher foliage temperatures at night should decrease the incidence of dew. Indeed, Olszyk et al. (1986b) reported that dew formed on outside leaves at night, while the leaves inside their OTCs had very little visible moisture, but moisture did accumulate on the chamber walls. Thus, not only could the chamber walls affect plant growth from the changed foliage temperatures, they also could affect disease incidence from changes in leaf wetness.
Most OTC designs in the literature draw outside air from near ground or canopy level. Then evapotranspiration adds water vapor to the air as it passes through the chamber, thereby making vapor pressures (or absolute humidities) higher inside OTCs than outside at canopy level, although there are few reports (Tables 5-1 and 5-2). Concomitant increases in air temperature cause the changes in relative humidity to be comparatively smaller.
The altered air movement, temperature, and humidity all can be expected to change transpiration rates of the plants inside OTCs (Tables 5-1 and 5-2), as well as their long-term water requirements. And any such effects on water use could indirectly affect plant growth. Olszyk et al. (1980) used black atmometers over an alfalfa (Medicago sativa L.) crop and found evaporation rates inside OTCs to be 0.86 of those outside (Table 5-1) . Similarly, Kimball et al. (1985) found evaporation from small pans inside OTCs to be 0.89 that outside in wellwatered plots and 0.96 in dry plots. On the other hand, Dunin and Greenwood (1986) found no significant difference between evaporation rates from a lysimeter inside an OTC or those from Bowen ratio apparatus in the forest outside; however, perhaps the most striking and definitive data come from Bremer and Ham (D. Bremer & J. Ham, 1993, personal communication) who used stem flow gauges and observed that daily sap flows (sunrise to sunset) of Sorghastrum nutans and of Andropogon gerardi were reduced to 0.80 and 0.82, respectively, of outside values.
The walls of an OTC affect wind flow, and therefore will also affect the distribution and uniformity of rainfall. Moreover, any frustum will restrict the amount of rainfall that can enter the OTC (Table 5 -2), so irrigation systems will have to be used to restore water supplies to the same as those outside.
Besides microclimate alterations, some other chamber effects have been reported (Table 5 -2). Nakayama and Kimball (1988) found that soil C02 concentrations were much reduced in their OTCs compared with outside. Butler (1985) and Butler et al. (1986) found that insect populations were reduced inside, which indirectly could affect plant growth by changes in herbivory. Kats et al. (1985) and Olszyk et al. (1992) observed that O3 concentrations were 8% lower inside.
The many reported differences between the environments inside and outside OTCs makes it difficult to utilize OTC data for validation of plant growth models. Acock et al. (1985) report much frustration in their futile attempt to validate the GLYCIM soybean model using open-top chamber data. In particular, the environmental parameters inside every OTC (or at least in one OTC per treatment) used in a study needs to measured, and observations taken from a weather station outside should not be assumed to represent the microclimates inside.
Measuring the environment inside many OTCs is considerably more costly than just from a single outside weather station, so the possibility of calculating inside conditions from outside weather station data needs to be addressed. Complex and simple models exist for predicting the environment inside greenhouses [e.g. Kirnball, (1986)], and Unsworth (1982) and Ham et al. (1991) have developed theory for predicting the impact of OTCs on the microclimate inside OTCs; however, all these models use prescribed vegetation parameters to predict the inside microclimate. In studies of C02 enrichment or air pollutants using OTCs, the treatments are postulated to affect plant growth, and therefore may affect the vegetation parameters that in turn affect the microclimate. Therefore, we are faced with a paradox. We need to know the answer in order to get the answer, i.e., in order to predict the climate inside an OTC, we need to know in advance what the experimental effects on the crop will be. In one such study, Heagle et al. (1988) assembled 24 pairs of observations of plant yield of crops grown inside and outside OTCs. Assuming a log-normal population distribution and subjecting their data to the same statistical analysis used later in this section, the mean yield change was a 4% increase in yield inside, with a 95% confidence interval from -3% to +lo%. Thus, their results suggest that on average plants grow slightly better inside, but the variance was too large to rule out the null hypothesis of no chamber effect. Even more important, however, is that the 95% confidence interval for the individual observations was from -24% to +41%, which implies that in any particular experiment, a researcher could expect a substantial chamber effect in either direction.
This discussion, however, will focus on biomass production because many more observations of biomass have been made than of yield. Fifty-six observations of the chamber effect were extracted from the literature (Table 5-3) . The ratios of the biomass production inside the OTCs to those of open field comparison plots were calculated. Considerable differences in growth between inside and outside have been observed with ratios ranging from the 0.690 reported by Arp et al. (1993) for Spartinapatens in a mixed community in 1988 to the 2.040 reported by Olszyk et al. (1992) for orange trees (Citrus sinensis) after 4 yr. With such large chamber effects as these two extremes, considerable caution must be exercised if one attempts to use data obtained from inside-grown plants to validate models that are supposed to simulate plant growth in open fields.
Even though there are reports of large chamber effects, the effects are both positive and negative. Sometimes the chambers have caused the plants to grow better inside, sometimes worse, and many times there was no significant effect (Table 5-3) . And perhaps such should be expected because many of the environmental factors changed by the chamber walls (Tables 5-1 and 5-2) can be expected to change plant growth in opposite directions, i.e., growth reduced by shading but increased with higher humidity and improved water relations.
In an effort to assign confidence intervals to this range of data and to determine whether there was any consistent bias caused by OTCs, the data were statistically analyzed. The logarithms of the ratios were taken to normalize the distribution, so that a ratio of M (plants grow twice as well outside) would have the same weight as a ratio of 2 (plants grow twice as well inside). The resultant distribution ( Fig. 5-1 ) is close to normal (skewness = 0.31; kurtosis = 0.19). Computing the mean and its 95% confidence interval, there appears to be a positive bias of about 10% (ratio of 1.096, Table 5-3; Fig. 5-1) . Thus, on average the OTCs have caused the biomass productivity to increase about 10% compared with the open field comparison plots. Even more important, however, is that the 95% confidence interval for the individual observations was from -30% to +73%, which is an even wider spread than was in the Heagle et a1 (1988) yield data discussed previously. The conclusion is that in any particular experiment a researcher could expect a substantial chamber effect in either direction.
One other trend was discerned from the data of Table 5 -3 that is worth noting. Rogers et al. (1986) , Kimball and Mauney (1993) , and Owensby et al. (1993) all made determinations of the chamber effect under both wet or well-watered conditions and under water stress. The chamber effects tended to be larger under the well-watered conditions. As discussed by Ham et al. (1991) , apparently during periods of water stress, stomatal closure reduces the chamber effect because the OTC boundary layer resistance becomes relatively less important compared with the stomatal resistance. 
RELATIVE RESPONSES TO CARBON DIOXIDE INSIDE OPEN-TOP CHAMBERS AND OUTSIDE
The responses of vegetation to elevated C02 have been studied using the OTC approach for more than two decades (e.g., Allen et al., 1993) . In contrast, it was not until 1989 that the first free-air C02 enrichment experiment (FACE) was conducted with good control of C02 concentration and meaningful biological measurements (Hendrey, 1993) . Consequently, only a few comparisons of responses of vegetation to elevated C02 between OTC and FACE facilities are available.
Cotton
The response of cotton to elevated C02 in OTCs was studied by Kimball et al. (1983 Kimball et al. ( , 1984 Kimball et al. ( , 1985 Kimball et al. ( , 1992 Kimball et al. ( , 1993c and Kimball and Mauney (1993) in a series of experiments from 1983 through 1987 at ample and limiting levels of water and N. presented a graph showing the relative seed cotton yield response to increasing C02 concentration. In spite of scatter, a very strong positive response to increasing C02 was found, such that a near doubling of C02 to 650 p o l mol-' produced a 60% increase in seed cotton yield. No significant effect of C02 on harvest index was found , so the 60% increase for enrichment to 650 pnol mol-' applies to biomass productivity as well.
The response of cotton to FACE was studied by Hendrey et al. (1993) and by Dugas and Pinter (1994) in a series of experiments from 1989 through 1991 at ample and limiting levels of water. The biomass data from these experiments have been reported by Mauney et al. (1993; and Kimball et al. (1993a) . The relative increase in biomass from these experiments due to FACE is depicted in Fig. 5-2 , along with the OTC regression line from . The relative responses to C02 were not significantly different for wet or dry conditions in either the OTC for FACE experiments; therefore, the regressions include both wet and dry data combined. Extrapolating to a C02 concentration of 650 pmol mol-' , the FACE results suggest a biomass increase of about 50%, which is somewhat less than the 60% from the OTC experiments ; however, the confidence intervals for the FACE and OTC regression lines overlap, so the relative biomass responses to C02 from both the OTC and FACE experiments are in agreement. Even though the relative responses to C02 were similar, it should be remembered that the absolute growth rates were typically 30% higher inside the OTCs compared with outside under well-watered conditions (Table 5-3) .
Wheat
We have recently completed the only experiment in which FACE treatments and C02-enriched OTCs were used in the same experiment. The FACE portion of the experiment used the same apparatus and design as the 1990 and 1991 FACE cotton experiments (Mauney et al., 1994; Dugas & Pinter, 1994) . Briefly, four toroidal plenum rings of 25 m in diam. constructed from 12-in. irrigation pipe were placed in a wheat field at Maricopa, AZ, shortly after planting. The rings had 2.5-m-high vertical pipes with individual valves spaced every 2 m around the periphery. Air enriched with C02 was blown into the rings and it exited through holes at various elevations in the vertical pipes. Wind direction, wind speed, and C02 concentration were measured at the center of each ring. A computer control system used wind direction information to turn on only those vertical pipes upwind of the plots, so that the C02-enriched air flowed across the plots, no matter which way the wind blew. The system used the wind speed and C02 C@ Concentration (pmol mol") (Mauney et al., ,1994 Kimball et al., 1993b) for both wet (well-watered) and dry (water-stressed) treatments. To improve clarity, the dry values are plotted 25 p o l mol-' high (i.e., to the right). Bars represent standard errors (n = 4). The solid line is the linear regression through the data from the FACE cotton experiments, and the dashed line is the linear regression from 1983-1987 open-top chamber experiments Kimball et a]., 1992 Kimball et a]., , 1993a .
concentration information to adjust the C02 flow rates to attain a near-constant 550 p o l mol-' C02 concentration at the centers of the rings. Four matching CONTROL rings at ambient C02 but with no air flow also were installed in the field. Four OTCs were placed in the same field as the FACE apparatus shortly after planting. The ground area inside each chamber was 1.46 m2 and had a hexagonal shape. The 4-mm-thick ultraviolet-transparent acrylglass (Altuglas PMMA) chamber walls were 1 m high and 0.75 m wide. Each chamber was fitted with a frustum with walls at 30' above horizontal and an air exit opening of 0.65 m2. Total air flow through the chambers was about 4.0 air changes per min (chamber volume = 1.65 m3). A diffuser was used at the air entrance of each chamber to deflect the air flow around the edges rather than blasting on the plants directly. About 20% of the total flow exited from an exhaust vent on the opposite side from the diffuser, and this air was recirculated back into the inlet stream. Carbon dioxide was continuously injected into two of the chambers at rates required to provide concentrations of approximately 550 p o l mol-l. The C02 concentrations were checked using an infrared gas analyzer and manually adjusted two to three times per week.
Wheat (cv. Yecora Rojo) was sown on 15 Dec. 1992 in east-west rows spaced 25 cm apart at a population of 130 plants m-2. Irrigation was accomplished with a subsurface drip system with tubes 0.50 m apart at a depth 0.20 m and emitters spaced 0.30 m along each tube. The FACE experiment also featured well-watered and water-stress irrigation treatments (the latter receiving one-half as much water as the former), but the OTCs received only the well-watered treatment. Emergence was on 1 Jan. 1994 and final harvest was during the third week of May.
Plants were harvested weekly for biomass determinations in the FACE and CONTROL plots, but because of their limited supply of plant material, no destructive sampling was performed in the OTCs until the final May harvest. Tiller and leaf counts and size measurements were made, however. Early in the season in January and February when temperatures were cool, there was little response to C02. Then as temperatures warmed into spring, the FACE plants grew about 20% more than plants at ambient C02 . The number of productive tillers per plant was increased from about four to five. Then in May the wheat plants exhibited an unexpected response. The FACE plants in the well-watered plots matured and senesced earlier by 7 d than the CONTROLS. The extra growing time allowed the CONTROL plants to narrow the final biomass and grain yield differences to about 8%; however, in the water-stressed plots, the 20% increase in biomass at mid-season due to elevated C02 was maintained in the final biomass and yield results. The foliage temperatures of the FACE plants averaged 0.6'C warmer than those of the CONTROLS all season long in the well-watered plots (Kimball et al., 1993b) , presumably because of elevated-C02-induced partial stomata1 closure and reduced leaf transpiration, and we speculate that this temperature rise caused the earlier maturity.
The final absolute above-ground biomass results for the wet irrigation treatment were similar in the OTC and FACE plots (Fig. 5-3) . Taking the ratio of the wet-ambient from the open-top chamber with respect to the wet-CONTROL from the open field, the chamber effect in this experiment was tiny (0.988, the last entry in Table 5 -3). For the wet irrigation treatment, the mean relative responses to C02 were very similar for the FACE plots (8%) and the OTCs (9%) . For the dry irrigation treatment in the FACE plots, however, the response was significantly larger (17%).
Extrapolating to a C02 concentration of 650 pmol mol-' in Fig. 5 4 , the overall average wheat response for wet and dry plots would be about 19%. This wheat response is much smaller than the 50 to 60% increase found for cotton ( Fig. 5-2) . It is beyond the scope of this chapter to do a thorough analysis of these species differences; however, some factors include: (i) a strong C02 by temperature interaction with cotton being a hot season summer crop and wheat a cool season winter-spring crop in this area, (ii) indeterminate (cotton) vs. determinate (wheat) growth habit, such that cotton can continually form new sinks (bolls) for photosynthate, and (iii) woody (cotton) vs. herbaceous (wheat) stems, such that cotton again has a continual sink (i.e., make wood) for photosynthate. 
FACE Wheat 1992-3 Experiment

ADVANTAGES AND DISADVANTAGES OF THE FACE APPROACH
In earlier sections, it was shown that plants often do not grow by the same amount inside OTCs as they do outside, even though relative responses to elevated C02 may be similar. Therefore, one very important advantage of the freeair C02 enrichment (FACE) approach is that data can be obtained under conditions with unquestioned realism-for both absolute and relative responses.
A second advantage of the FACE approach is that the large plot size also allows many cooperators to make many complementary measurements on the same plant material, which is a big aid to data interpretation (Fifty-two scientists from 28 different locations in 8 countries participated in the FACE Wheat 1992-1993 experiment.). Because a multidisciplinary team can be accommodated, each scientist can focus on their own measurement for which they have the expertise, and they can rely on others to obtain other ancillary observations. Moreover, the large plot size also permits more destructive sampling, which enables seasonal growth data sets to be obtained that are of the highest quality (Mauney et al., , 1994 Kimball et al., 1993a; Pinter et al., 1993) . Sampling can be done on a weekly or more frequent basis without compromising the structure of the crop canopy, and plants can be obtained that have not been continually touched by human hands.
The third advantage of the FACE approach is that it is less expensive per unit of high-C02-grown plant material. FACE has been criticized because the prodigious quantities of C02 required make it expensive. Indeed, a FACE exper- iment is expensive, but because of the relatively large area of the FACE plots, there is a huge economy of scale, so that per unit of treated plant material, FACE costs one-quarter or even less than the cost of OTCs (Kimball, 1993) . Thus, there is an economic incentive to have many scientists cooperate on large, comprehensive FACE experiments.
To be objective, it should be stated that the FACE approach is not always appropriate. One disadvantage is that levels of some environmental variables, such as temperature, light, and humidity, cannot easily be controlled on a field scale. Moreover, it would be technically very difficult to even impose differential levels of these variables in the field, e.g. to raise the temperature of a plot a few "C above ambient. A second disadvantage is that would also be technically difficult to decrease the C02 concentration in a field plot below ambient in order to study the effects of low C02 levels (or subambient levels of other gases, such as air pollutants). A third disadvantage of FACE is that the minimum FACE ring diameter would be about 6 m (for 1-m-tall vegetation), so that even the smallest possible FACE plots would still be large compared with the smallest possible OTCs. Considering also that costs go up roughly in direct proportion to enriched plot area (actually diameter for FACE) and to the degree of enrichment above ambient, for studies that require very high concentrations of COz, other approaches than FACE with a smaller scale may be fiscally necessary.
Thus, in order to determine the effects of elevated C02 on plants under conditions representative of the future fields, for many studies FACE must be regarded as the method of choice; however, some experiments appear technically difficult or excessively expensive with FACE, and for such experiments, OTCs are a workable alternative.
